Stability of oscillatory signatures across magnetoencephalography (MEG) measurements is an important prerequisite for basic and clinical research that has been insufficiently addressed. Here, we evaluated the test-retest reliability of auditory steady-state responses (ASSRs) over two MEG sessions. The study required participants (N = 13) to detect the rare occurrence of pure tones interspersed within a stream of 5 Hz or 40 Hz amplitudemodulated (AM) tones. Intraclass correlations (ICC; Shrout and Fleiss, 1979) were derived to assess stability of spectral power changes and the inter-trial phase coherence (ITPC) of task-elicited neural responses. ASSRs source activity was estimated using eLORETA beamforming from bilateral auditory cortex. ASSRs to 40 Hz AM stimuli evoked stronger power modulation and phase-locking than 5 Hz stimulation. Overall, spectral power and ITPC values at both sensor-and source-level showed robust ICC values. Notably, ITPC measures yielded higher ICCs (~0.86-0.96) between sessions compared to the assessment of spectral power change (~0.61-0.82). Our data indicate that spectral modulations and phase consistency of ASSRs in MEG data are highly reproducible, providing support for MEG-measured oscillatory parameters in basic and clinical research.
Introduction
Neural oscillations are considered relevant for understanding brain functions and associated cognitive and perceptual processes (Lopes da Silva, 2013; Siegel et al., 2012; Wang, 2010) . This is because they establish precise temporal relationships between and within distributed neuronal assemblies and thus contribute to the formation of functional networks (Buzsáki and Watson, 2012; Fries, 2005; Gray and Singer, 1989; Helfrich et al., 2014; Womelsdorf et al., 2007) . In addition, rhythmic activity at low (delta/theta/alpha) and high (beta/gamma) frequency ranges facilitate different modes through which these networks can be flexibly established, such as through coupling different frequencies and synchronizing phase-relations between oscillators (Akam and Kullmann, 2014; Canolty and Knight, 2010; Roopun et al., 2008; Siegel et al., 2012) . Converging data (e.g. Bartos et al., 2007; Brunel and Wang, 2003; Cardin et al., 2009; Sohal et al., 2009; Traub et al., 1996 ; see Buzsáki and Wang, 2012 for review) support the view that oscillatory activity at different frequencies reflects the balanced coordination of neuronal excitation and inhibition (E/I) and that imbalances may manifest as cognitive dysfunctions and aberrant rhythmic activity reported in neuropsychiatric disorders, such as schizophrenia (ScZ) and autism spectrum disorders (ASDs) (Gonzalez-Burgos and Lewis, 2008; Schnitzler and Gross, 2005; Uhlhaas and Singer, 2012) .
Electro-and magnetoencephalography (EEG/MEG) allow the noninvasive assessment and reconstruction of neural oscillations and their underlying networks through measurement of the synchronous activations of large population of neurons. In contrast to EEG which measures neural activity via scalp electrodes, the weak magnetic fields induced by cortical activity remain undistorted by the various conductivities of head tissues and are detected by the highly sensitive superconducting quantum interference devices (SQUIDs) in MEG. Recent application of MEG in understanding normal rhythmic activity has highlighted the role of frequency-specific neural oscillations in cognitive and perceptual processes Rouhinen et al., 2013; Roux et al., 2012; Tan et al., 2013) . In addition, there is a growing interest in employing MEG to understand neural oscillations in brain disorders with the potential to yield biomarkers for early detection and diagnosis (e.g. Georgopoulos et al., 2010; Rojas et al., 2011; Sun et al., 2013; Tada et al., 2014) .
Despite the widespread application of MEG, there is currently little evidence on the reliability of oscillatory signatures across multiple measurements. This question is important since previous research has indicated that the peak-frequency of neural oscillations, for example, is highly genetically heritable (van Pelt et al., 2012) , suggesting that certain signatures of rhythmic activity could constitute a trait-like characteristic or spectral fingerprint (Siegel et al., 2012) . In addition, the possibility to obtain reliable estimates of oscillatory activity across measurements is a prerequisite to employ MEG in longitudinal studies in clinical and non-clinical populations.
To date, the only study which has assessed test-retest reliability of neural oscillations in MEG data is the study by Muthukumaraswamy et al. (2010) . The authors reported high intraclass correlation (ICC) values (0.8-0.98) for the peak-frequency of visually elicited gamma (40-60 Hz) band responses across multiple assessments for sourcereconstructed MEG signals. Source analysis may yield more stable estimates of MEG activity compared to sensor-derived values as the need for exact positioning of participants under the MEG sensors across repeated recordings is reduced. By comparison, lower ICC values (mean ICC = 0.62) have been obtained for sensor-derived graph-theoretical metrics during rest and an N-back task, despite accounting for continuous head position monitoring (cHPI) (Deuker et al., 2009) . However, it is not clear if the more complex metrics used for repeatability assessment, the choice of task or indeed the sensor-based analytical approach were the reason for the comparatively lower ICCs. Supporting the possibility that source-derived parameters may be more robust in MEG data, Lu et al. (2007) reported higher ICCs (≥ 0.8) from dipole-modelling derived P50 during a paired-click paradigm relative to previous reports (Boutros et al., 1991; Cardenas et al., 1993; Jerger et al., 1992; Kathmann and Engel, 1990; Lamberti et al., 1993) .
As existing research shows, the reliability of neural oscillations can be assessed under varying contexts. These include spontaneous resting-state activity that is thought to reflect intrinsic neural dynamics and task-elicited oscillatory activity that reflects the neural modulation due to sensory and/or cognitive processing. Depending on whether they time-lock to stimulus onset or emerge with trial-to-trial variability, such task-elicited neural modulations are categorized as 'evoked' or 'induced', respectively (Tallon-Baudry and Bertrand, 1999) . The distinct phase-relationship of evoked and induced oscillatory activity is further exemplified in their analytical derivation. Evoked power is estimated by initial trial-averaging prior to spectral decomposition. Spectral power of induced neural oscillations is revealed by first deriving single-trial time-frequency decomposition before trial-averaging, followed by the subtraction of both evoked power and any background components from the resulting power average (David et al., 2006) . To further examine whether oscillatory signatures in MEG data, in particular estimates of spectral power and phase consistency, are reliable across measurements and whether source reconstruction improves the test-retest reliability, we examined auditory steady-state responses (ASSRs) across two MEG recordings in healthy volunteers.
Unlike intrinsic oscillatory activity, steady-state responses (SSRs) are established through entraining neuronal populations in response to a temporally modulated sensory stimulus and are therefore a means to probe the integrity of neuronal networks to maintain precisely coordinated temporal activity Regan, 1989) . ASSR is commonly elicited using trains of clicks, noise bursts, or amplitudemodulated (AM) tones Galambos et al., 1981; Picton et al., 2003; Ross et al., 2000; 2002) . In humans, ASSR recorded by M/EEG is strongest to stimuli presented within the 30-50 Hz range (Azzena et al., 1995; Galambos et al., 1981; Picton et al., 2003) which has been interpreted as a resonance response of networks in auditory cortices (Hamm et al., 2011 (Hamm et al., , 2012 McFadden et al., 2014; Pantev et al., 1996; Ross et al., 2000; see Brenner et al., 2009, for review) . In addition, ASSRs have been investigated in psychiatric disorders and reduced amplitude as well as phase consistency of evoked ASSR to 40 Hz stimulation have been observed in ScZ (e.g. Brenner et al., 2003; Hamm et al., 2011; Hirano et al., 2015; Krishnan et al., 2009; Kwon et al., 1999; Light et al., 2006; Spencer et al., 2008; Tada et al., 2014; however, see Hamm et al., 2012) and their first-degree relatives (Hong et al., 2004; Rass et al., 2012) as well as in ASDs (Wilson et al., 2007) . Reduced 40 Hz ASSRs in these disorders is consistent with findings of altered cellular parameters affecting E/I balance (Hashimoto et al., 2008; Moyer et al., 2012; Sweet et al., 2009 Sweet et al., , 2007 , supporting the potential clinical utility of the ASSR paradigm in translational research.
At present, test-retest reliability of ASSR parameters has only been reported in EEG data by McFadden et al. (2014) , who examined the consistency of ASSRs to 40 Hz amplitude-modulated white noise and 40 Hz click trains in a passive listening task, and observed that inter-trial phase coherence (ITPC) measures of ASSRs may be more reliable compared to spectral signal change. In the current study, we evaluated the reliability of ASSRs to both 5 Hz and 40 Hz AM tones in an attentive listening task paradigm at MEG sensor level and from estimated source signals derived via (eLORETA) beamforming. MEG source estimation employing beamforming may improve signal-to-noise (SNR) and confers an advantage over dipole-fitting (e.g. Lu et al., 2007; McFadden et al., 2014; Teale et al., 2008) through the use of head models based on individual anatomical MRI data. In addition, it facilitates the definition of regions of interests (ROIs), such as the auditory areas, which are important for the generation of ASSRs (Hamm et al., 2011 (Hamm et al., , 2012 McFadden et al., 2014; Pantev et al., 1996; Ross et al., 2000) .
Methods

Participants
We evaluated the test-retest reliability of ASSRs in fourteen healthy participants (4 females; mean age (±sd) = 25 (±4) years) over two MEG sessions (range 1-11 days; mean (±sd) = 4 (± 3) days apart). Participants were recruited from the University of Glasgow School of Psychology participant pool, provided informed consent prior to the experiment, and were compensated (at the standard rate of £6/hr) for their time. All participants were right-handed (Edinburgh Handedness Test; Oldfield, 1971) , characterized by normal hearing and had no known neurological disorders. The experimental protocol, in which the ASSR experiment was part of a battery of sensory processing tasks performed during each MEG session, was approved by the University of Glasgow College of Science and Engineering Ethics Committee.
Prior to each MEG session, scheduled at the same time of the day, each participant filled in a brief questionnaire which assessed differences in caffeine intake, smoking habits, alcohol consumption, and hours of sleep as well as general well-being prior to each measurement. Participants' responses did not differ across sessions (caffeine intake: t 13 = − 1.8, p = 0.096; sleep hours: t 13 = − 1, p = 0.34; Wilcoxon signed-rank tests for cigarettes smoked and alcohol intake are both non-significant). Additionally, to control for potential influence of hormonal fluctuations (Griskova-Bulanova et al., 2014) , female subjects participated within the first 5-10 days during the follicular phase of their menstrual cycle in both MEG sessions.
Stimuli and task
Three different auditory stimuli, comprising a 1000 Hz pure tone as well as its corresponding 5 Hz and 40 Hz amplitude-modulated (AM) tones, were presented (78 dB SPL). Each tone lasted 2 s long (ITI = 1.5 s, jittered, which included the baseline of 1 s) and was designed with 10 ms ascending and descending ramps. The tones were generated according to the formula:
where f c is the 1000 Hz carrier frequency, f m is the frequency of amplitude modulation (i.e. 0 Hz, 5 Hz, or 40 Hz), m = 1 is the modulation depth, and t is the sampling time points at 48 KHz sampling frequency. For each of the 2 runs of the ASSR task, participants mentally noted the rare occurrences (10%) of pure tones interspersed within a stream of 5 Hz or 40 Hz AM tones (see Fig. 1 ). A total of 120 and 110 tones were presented in the 5 Hz and 40 Hz ASSR runs, respectively. While they were listening to the tones, participants were instructed to keep their eyes fixated on a center cross (projected 186 cm in front) and to report the number of perceived pure tone occurrences at the end of each ASSR run. Trials in which pure tones were presented (i.e. 12 and 11 rare instances for 5 Hz and 40 Hz ASSR runs, respectively) were included to sustain participants' attention but were excluded in the analyses. The sequence of either 5 Hz followed by 40 Hz (or vice versa) experimental runs (~8 min duration; each trial~3.5 s long) was counterbalanced.
Neuroimaging acquisition
MEG data were acquired using a 248-channel magnetometer system (MAGNES® 3600 WH, 4D-Neuroimaging, San Diego) while participants engaged in the task, sitting upright within an electromagnetically shielded room. For each participant, a suitable MEG seat position was determined and marked during the first session. Every attempt was taken to keep this seat position and the MEG system's helmet (housing the SQUID sensors) in the same configuration prior to each acquisition so as to minimize the variance of participants' head and sensors' positioning across runs and sessions. Head position stability was assessed before and after each acquisition run via five indicator coils attached relative to the (left, right preauricular, and nasion) fiducials and were co-digitized with participants' head shape (FASTRAK®, Polhemus Inc., VT, USA) for subsequent co-registration with individual MRI (1 mm 3 T1-weighted; 3D MPRAGE). The MEG touch-pad response (LUMItouch™, Photon Control Inc., BC, Canada) and eye-tracker (EyeLink 1000; SR Research Ltd., Ontario, Canada) signals were sampled synchronously at 1017.25 Hz, with online 0.1 Hz high-pass filtering.
MEG data processing
All data processing and analyses were performed using Fieldtrip Toolbox functions (http://fieldtrip.fcdonders.nl; Oostenveld et al., 2011) and additional scripts developed within MATLAB® (The MathWorks, Natick, MA). Faulty sensors (mean (± SEM) = 10 ± 2 per session, visually identified) with large signal variance or whose signals were flat were removed and interpolated using nearestneighbor averaging procedure. One MEG measurement was corrupted by global noise and technical issues during one of the two acquisition sessions. Accordingly, this participant was excluded from the analyses reported here (i.e. N = 13).
Raw MEG signals were epoched from −1000 to +3000 ms relative to stimulus onset (0 ms), with linear trends removed, power-line (50 Hz) notch-filtered, and 'de-noised' relative to reference MEG channel signals. Raw trials were visually inspected and trials with obvious artifacts (muscle, squid jumps, etc.) were excluded. Independent component analysis was used to isolate and to reject ocular movement and cardiac components from the MEG signals. This yielded on average (±SEM) 91.65 (±2.22) artifact-free trials for each ASSR condition per session. As trial numbers could impact on estimates of spectral power change and inter-trial phase coherence (ITPC), the mean (±sd) number of trials for different sessions was examined. Trial numbers for both 5 Hz (sessions 1 = 93.23 (±9.69) trials; session 2 = 96.08 (±7.19) trials) and 40 Hz (session 1 = 90.08 (± 5.76) trials; session 2 = 87.23 (±6.81) trials) ASSR conditions did not differ significantly across sessions (repeated-measures t-test for 5 Hz: t 13 = − 1.16, p = 0.27 and 40 Hz: t 13 = 1.51, p = 0.16).
Time-frequency analysis on sensor and source signals
For sensor-level analysis, artifact-free neuromagnetic time series were transformed from axial magnetometer to planar gradient signals (Bastiaansen and Knosche, 2000) prior to time-frequency analyses and subsequently recombined. This procedure allows a more intuitive inference of dipole signals above a source or from axial pick-up coils, which are sensitive to magnetic components oriented normal (cf. tangential) to the head surface, and simplifies its corresponding topographical interpretation. At the source level, we focused on primary auditory areas in the generation of ASSRs based on prior work (Hamm et al., 2011 (Hamm et al., , 2012 McFadden et al., 2014; Pantev et al., 1996; Ross et al., 2000) . Virtual sensors' signals were extracted from bilateral superior temporal and Herschl's gyri using individual MNI-normalized source model grid (6 mm resolution) and the eLORETA inversesolution algorithm (Pascual-Marqui, 2007 ); see Fig. 2 (ii) ). Multitaper fast-fourier time-frequency decomposition (±2 Hz taper smoothing and 10 ms temporal resolution) was performed on artifact-free epochs for both sensor and source signals (1 Hz resolution from 2 Hz to 50 Hz for the 5 Hz AM stimulus; 2 Hz resolution from 2 Hz to 100 Hz for the 40 Hz AM stimulus).
Spectral power and inter-trial phase coherence
As the ASSR evolves approximately after 240 ms post-stimulus onset (Ross et al., 2002) following the transient response, we considered the period from 500 ms to 2000 ms post-stimulus onset as the stimulus duration of interest (see Fig. 4 ). Given the known ASSR stimulus frequency, we specifically assessed oscillatory parameters within the narrow frequency range of interest (FOI): 2-8 Hz and 34-46 Hz for the 5 Hz and 40 Hz stimulus conditions (see Supplementary Figs. 1, 2) , respectively. All spectral power time series were expressed as relative change to baseline (500 ms prior to auditory stimulus onset; Fig. 4) . Instantaneous inter-trial phase coherence (ITPC; Tallon-Baudry et al., 1996) was derived from the complex norm of the time-frequency decomposition with ITPC values ranging from 0 to 1, reflecting zero to near-perfect phase consistency across trials. 
Derivation of oscillatory parameters and reliability analysis
For each ASSR stimulus condition, ITPC and spectral modulation were averaged over the 500-2000 ms window for each frequency. We determined the modulation of the parameters of interest at ASSR stimulus frequency (Fig. 3 ) by using both a conventional approach of applying a 1st order Gaussian fit on the time-averaged spectral and phase-locking time series (Campbell et al., 2014; Haegens et al., 2014) and without (See Supplementary Results). We calculated the intraclass correlation (ICC; Shrout and Fleiss, 1979) using MatlabCentral fileexhange ICC.m function (A. Salarian, 2008 , implemented with statistical testing based on Wong (1996a, 1996b) to assess the degree of consistency among frequency-specific ASSR measurements (consistency ICC: case 2). Defined as the ratio of between-subject variance and the total variance, ICC assesses the reliability of the repeated measures of an individual's oscillatory parameters by comparing the between-measures variability of each individual to the total variation across all measures and participants. Unlike Pearson's correlation coefficient, which detects the linear association between two (possibly different) measures, ICCs reflect the agreement of a participant's neural measure from one session to another, accounting for the associated variance (McGraw and Wong, 1996) . An ICC value of 1 indicates perfect within-subject reliability of neural oscillatory measures derived on differing occasions from the same participants, while an ICC of 0 indicates no reliability. ICCs were assessed for both sensor-and sourcederived neuromagnetic signals and for each ASSR stimulus condition. Additionally, we investigated the reliability of absolute power values during baseline and stimulus duration of interest (See Supplementary Results).
Results
The primary focus of the present study was to assess the test-retest reliability of ASSRs at 5 Hz and 40 Hz from MEG sensor and estimated source signals. The overall finding indicated highly significant ICCs (mean ICC = 0.839; ICC range: 0.609-0.964; p b 0.01-p b b0.0001) on both spectral signal change and ITPC oscillatory measures.
Participants' grand-averaged ASSRs to both 5 Hz and 40 Hz stimuli are shown in Fig. 4 and indicate an enhanced response in the right hemisphere consistent with previous findings (Ross et al., 2005) . Stimulus onset elicited a strong but transient evoked low-frequency response in both spectral change (Fig. 4 (ii) , (v) ) and ITPC (Fig. 4 (iii) , (vi) ) values at sensor level and in source space which was followed by a narrow-banded sustained response corresponding to the frequency and duration of the stimulation.
The 40 Hz AM tone elicited a stronger sustained response compared to the 5 Hz AM tone (See Table 1 ). Source-derived spectral and ITPC parameters were significantly higher compared to sensor-derived parameters (Table 1 , all sensor vs. source paired t-tests p b 0.001). Transient responses at frequencies sub-/harmonic to 5 and 40 Hz stimuli were also observed, particularly in the 10 Hz range in the spectral time-frequency representation.
Excluding the initial transient stimulus onset response, spectral ASSRs to 5 Hz AM tones generally manifested as bursts of activity. Relative to spectral signal changes, ITPC measures of ASSR to 5 Hz stimulus showed more distinct synchronous activity in the 5 Hz range (Supplementary Fig. 1) . A similar pattern was observed for source-derived spectral measures and ITPC values. In contrast, individual participants' ASSRs to 40 Hz manifested stronger spectral signal change and ITPC for both sensor and source signals (Supplementary Fig. 2 ; Table 1 ).
ICCs computed for spectral power varied between stimulation frequencies as well as between sensor vs. source level, with values ranging between~0.61 and 0.82 (Fig. 5C (i), (iii) ). ICCs were lower for the ASSRs to 5 Hz tones (ICC = 0.609; p = 0.010) relative to 40 Hz AM tones (ICC = 0.823; p = 0.001). A similar pattern can also be seen for the source-derived ASSR spectral signal changes (Fig. 5B (i) , (iii) ) with weaker ICC for ASSRs to 5 Hz (ICC = 0.745; p = 0.001) compared to ASSRs to 40 Hz (ICC = 0.813; p = 0.002) AM tones (Table 2; Fig. 5D (i), (iii) ).
Notably, we observed consistently higher ICC values for ITPC compared to spectral signal changes across sessions with all parameters yielding ICCs N0.8 (Fig. 5 (ii) , (iv) We noted very similar trends in the ICCs derived from nonGaussian-fitted parameters of interests (See Supplementary Results; Supplementary Table 1; Supplementary Fig. 3 ) despite observing higher ICCs for 5 Hz and slightly lower ICCs for 40 Hz ASSR parameters, relative to those derived from Gauss-fitted signals. Similarly, ICCs computed from ITPCs were consistently higher relative to those derived from spectral signal change, with a more pronounced difference for 5 Hz ASSR derived parameters.
Additionally, ICCs derived for baseline and stimulus duration (StimDur; See Supplementary Table 2) Table 2 ). 
Discussion
The goal of this study was to examine the test-retest reliability of frequency-specific ASSRs to 5 Hz and 40 Hz AM tones from MEG data recorded over two sessions. Our results for spectral signal change and ITPC parameters suggest highly reproducible oscillatory signatures for both sensor and estimated source signals (mean ICC = 0.839), highlighting the accuracy and robustness of MEG approaches to assess both amplitude modulation and precise phase-locking during auditory stimulation. Furthermore, our findings indicate that ITPC values may be more reliable compared to relative power change in quantifying ASSR across sessions. The current data support and extend previous findings on test-retest reliability of oscillatory signatures using MEG (e.g. Deuker et al., 2009; Muthukumaraswamy et al., 2010) and EEG (e.g. Fründ et al., 2007; Keil et al., 2003; McEvoy et al., 2000; McFadden et al., 2014) .
Compared to previous EEG/MEG studies, we presented AM tones of longer duration (2000 ms vs. 500 ms) because ASSR is known to be elicited at least 240 ms post-stimulus onset (Ross et al., 2002) . As a result, the time-window for our analysis is well outside the transient evoked response and therefore the overall level of response amplitude reflects the capacity of the neural system to resonate at the AM stimulus frequencies. Consistent with prior findings, we found that the modulation of amplitude and phase-locking was higher to stimulation at 40 Hz compared to 5 Hz (Hamm et al., 2011 (Hamm et al., , 2012 Krishnan et al., 2009 ). These data suggest that 40 Hz may constitute the preferred Fig. 3 . Analysis approach for deriving spectral signal change and ITPC retest parameters. Overview of analysis approach illustrated with data from 1 participant (s2). For each participant, power signal change relative to baseline (i, iii) and ITPC (ii, iv) were derived for each MEG session (session 1-upper, and session 2-bottom rows, respectively), and for 5 Hz (i-ii) and 40 Hz (iii-iv) ASSR stimuli. (A) Time-frequency plots for signal change or ITPC and where appropriate, (B) the corresponding baseline (green) and stimulus-related (red) signals are depicted for both MEG sessions for 5 Hz (2-8 Hz) and 40 Hz (34-46 Hz). Relative change in spectral data for both (C) and each separate session (D) are shown (solid = ASSR parameter time series; dotted = fitted Gauss; darker and lighter grey plot background for session 1 and 2, respectively), from which the fitted ASSR parameter at stimulus frequency (i.e. 5 Hz or 40 Hz) was extracted for reliability assessment for both sensor (A-D) and source (E-H) derived neuromagnetic signals. Intensity scaling for time-frequency plots is the same as for Supplementary Figs. 1 and 2 . Refer to Methods for further details.
resonance frequency of oscillatory networks in auditory cortices (Azzena et al., 1995; Brenner et al., 2009; Galambos et al., 1981; Picton et al., 2003) .
Interestingly, we observed that the reproducibility of absolute power values for baseline and stimulation periods varied with ASSR stimulus as well as their corresponding baseline-corrected spectral measures. Although absolute spectral power at 5 Hz baseline and stimulus duration exhibited robust repeatability, baseline-corrected spectral power yielded lower reliability. The opposite was observed for 40 Hz ASSR, in which absolute spectral signal for baseline and stimulus duration yielded average reliability compared to its highly reliable baseline-corrected spectral signal. One reason for this difference may be due to the power law ( 1 f ) scaling manifested in brain signals (Bédard et al., 2006) . Relative to higher frequencies (e.g. 40 Hz), lower frequency (e.g. 5 Hz) signals exhibit stronger spectral power. As such, a variable measure of 5 Hz ASSR stimulus-induced effects can arise from a modest signal change relative to an existing strong baseline power. In the case of 40 Hz ASSR stimulation, a weak baseline power followed by a comparatively strong increase after stimulus onset can yield a more robust relative change measure. Our observations of relative spectral signal changes support the notion that ASSRs are generated in addition to ongoing spontaneous activity and are facilitated when underlying neural networks are entrained to rhythmic stimulation close to their best-tuned frequency (Ross et al., 2005) . ICC values for ITPC measures during ASSRs were consistently higher compared to spectral changes for both sensor-and source-derived measures. This was particularly evident for ASSRs to 5 Hz stimulation, which was characterized by irregular bursts of activity and could have potentially contributed to more spectral variability across sessions. As ITPC indexes the consistency with which the trial-to-trial phase of neural oscillations is temporally coupled to sensory stimulation, our data suggest that measures of phase-locked rhythmic activity may also reflect a robust spectral fingerprint, particularly for lower oscillatory frequencies.
Higher ICC values for ITPC measures of ASSRs are consistent with the EEG findings by McFadden et al. (2014) who assessed evoked spectral change and ITPC over a broad frequency range (30-120 Hz; 2.5 Hz resolution) and stimulus duration (500 ms; 20 ms resolution) using Pearson's product-moment correlation. In our study, we examined the within-subject consistency in spectral signal changes and ITPC measures of ASSR at the corresponding stimulus AM frequency for MEG sensor-and source-derived signals using the intraclass correlation (ICC). ICCs have been employed in fMRI reliability assessments (e.g. Plichta et al., 2012; Zuo et al., 2010a; 2010b) and by other MEG studies assessing the heritability (van Pelt et al., 2012) and repeatability (Muthukumaraswamy et al., 2010) of visually elicited peak gamma band response. Although the use of ICC to assess test-retest reliability is not without its limitations (e.g. see Bennett et al., 2009; Patton et al., 2005 for review), it has advantages over Pearson's product-moment correlation, which is useful for determining the relationship between two variables but less appropriate in assessing the consistency of a variable of interest.
Sensor-level-derived ICC values, particularly for ITPC, were of similar magnitude or only marginally lower than source-derived ICCs. Monitoring participants' head and MEG sensors' positioning is challenging and can contribute to differences between and within measurements in spectral power and ITPC values estimates as participants are unlikely to be in the exact same position across repeated runs. Such head positioning issue is less of a concern for the established 10-20 system adopted in EEG or MEG systems and experimental setup that allow for continuous head position information monitoring (cHPI) for subsequent analytical adjustment (e.g. Deuker et al., 2009) . Given the importance of head positioning for repeated assessments at sensor level, MEG source reconstruction offers the prospect of reliability assessment of neural parameters without the precision of head re-positioning. Although previous MEG research suggested that source reconstruction may improve the reliability of auditory evoked P50 responses (Lu et al., 2007) , our data suggest that careful monitoring of participants' head and sensors' positioning can yield robust sensor-derived estimates of ITPC and spectral modulation in MEG data.
While sensor-derived measures of ASSR might expedite signal processing, particularly for large population studies, the inherent volume conductance implies that signals acquired from any one sensor can arise from a combination of sources that are not restricted to a single hemisphere. To this end, source-estimated signals would also be helpful for assessing laterality effects in ASSRs, e.g. as have been reported in ScZ (Edgar et al., 2014; Hamm et al., 2011; Hirano et al., 2015; Spencer et al., 2009; Teale et al., 2008) . Since addressing differences in lateralization was outside the scope of the present study, we focused our assessment of ASSRs bilaterally such that there was a correspondence between results obtained for sensor level and source space. Nonetheless, our data support the advantages of using source reconstruction for the assessment of ASSRs as evidenced by the higher signal-to-noise (SNR) obtained for source vs. sensor estimates, particularly observed in the~80-140% increase for spectral power changes. Additionally, the observed improvements in spectral test-retest reliability from source-derived signals may be attributed to the beamforming approach, which acts as spatial filters in suppressing background activity that may lower the reliability of sensor signals, particularly in the case of 5 Hz ASSR.
Conclusion
The present study provides further evidence for the reliability of MEG-derived oscillatory signatures during auditory processing. Specifically, our findings highlight that ITPC is a particularly robust parameter of rhythmic activity and could potentially be used as a spectral fingerprint. ASSRs are well suited for translational research as ASSR parameters can be obtained from animal models of psychiatric conditions with the potential to inform our understanding of the underlying pathophysiological processes of disorders such as ScZ and ASDs (e.g. Sivarao, 2015) . Our research demonstrates that MEG-based read-outs of neural oscillations are suitable for longitudinal studies and underscore the utility of MEG in basic and clinical research.
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